Abstract. We study local time variation in high peak current lightning over land versus over ocean by using lightning locations from the World Wide Lightning Location Network (WWLLN). Optical lightning data from the photodiode detector on the Fast OnOrbit Recording of Transient Events (FORTE) satellite are used to determine the relative detection efficiency of the WWLLN for lightning events by region, as well as over land versus over ocean. We find that the peak lightning flash density varies for the different continents by up to five hours in local time. Because the WWLLN measures lightning strokes with large peak currents, the variation in local time of WWLLN-detected strokes suggests a similar variation in local time of transient luminous events (e.g., elves) and their effects on the lower ionosphere.
Introduction 1
Over the past few decades, rocket flights in the ionosphere [Kelley et al., 1985; Li 2 et al., 1991] have detected electric field transients due to lightning strokes at altitudes of 3 70-400 km, providing the first direct evidence that lightning energy could penetrate the 4 ionosphere. Also, it has been shown that lightning generates whistler wave radiation that 5 can propagate into the outer magnetosphere [Holzworth et al., 1999] . Lightning-6 generated whistler waves can also interact with electrons in the radiation belts, causing 7 lightning-induced electron precipitation [Goldberg et al., 1986] . Extremely high energy 8 gamma-ray bursts coming from the Earth's atmosphere, now termed terrestrial gamma-9 ray flashes (TGFs), were first unexpectedly observed by the BATSE instrument on the 10
Compton Gamma Ray Observatory spacecraft [Fishman et al., 1994] . These TGFs are 11 another indication of energetic coupling of lightning with the magnetosphere. Since 2002, 12 the RHESSI spacecraft has detected hundreds of TGFs, which have been used to link 13 lightning strokes and TGFs [Smith et al., 2005] . All these findings show that lightning 14 has the ability to input energy into the ionosphere and magnetosphere globally and 15 motivate the need for a reliable global lightning detection system. 16
Transient luminous events (TLEs), such as sprites and elves, are evidence of 17 lightning energy coupling with the lower ionosphere via quasi-electrostatic as well as 18 electromagnetic fields, and can cause ionization, heating and optical emissions in the 19 lower ionosphere Tarenenko et al., 1992; Fukunishi et al., 1996] . 20
Various models predict the heating and ionization occurring in the lower ionosphere as a 21 result of the interaction between single lightning strokes and the lower ionosphere and are 22 consistent with optical observations of TLEs [Taranenko et al., 1993, Fernsler and 23 Rowland, 1996; Pasko et al., 1997; Cho and Rycroft, 1998 ]. These models indicate that 1 lightning can affect local conductivity and electron density variations due to electron 2 heating and ionization of the lower ionosphere. It has also been proposed that in severe 3 thunderstorms with high flash rates of strong lightning strokes, the time between flashes 4 could be smaller than the decay time of 10-100 seconds for ionization changes in the 5 lower ionosphere, allowing ionization increases to accumulate in the lower ionosphere 6 locally [Barrington- Leigh and Inan, 1999] . Rodger et al. [2001] modeled the 7 accumulated increase in electron density as up to a ten-fold increase in the nighttime 8 lower ionosphere. 9
To better study these energetic effects due to lightning on a global scale, global 10 lightning detection is needed. During the past decade, satellite optical lightning imagers, 11 the Optical Transient Detector (OTD) [Boccippio et al., 2000a] 
and the Lightning 12
Imaging Sensor (LIS) on the Tropical Rainfall Measuring Mission (TRMM) satellite 13 [Christian et al., 1999] have provided a meaningful global map of average lightning 14 occurrence. Several years of observations have allowed lightning seasonal and local-time 15 variations to be statistically separated, resulting in a comprehensive lightning distribution 16 versus local time, season, and geographic position [Christian et al., 2003; Boccippio et 17 al., 2000b; Petersen and Rutledge 2001] . Nesbitt and Zipser [2003] have used data from 18 the TRMM satellite to study the diurnal cycle of precipitation features over land and 19 ocean. However, the infrequency of satellite observations over a given point, and the 20 precession of the satellite's orbit, together, cause years of cumulative data to be required 21 to separate local-time variability from other changes, such as seasonal and geographic 22 effects. In the interest of studying variabilities on a daily basis and in connection to 23
It has been shown that PDD has a detection efficiency lower than, but constant 1 relative to, LIS detection efficiency over all areas of the world [Light et al., 2003] . Thus, 2 we are confident that PDD data serve as an adequate proxy for LIS or OTD data, with the 3 proviso that the PDD locates lightning only to within the 1200-km-diameter field of view, 4 as opposed to within an individualized pixel of an imager. An advantage of PDD for this 5 study is that we can examine optical waveforms relative to the VLF lightning trigger. For 6 this study we assume equal PDD detection efficiencies for land and ocean. 7 8
The World Wide Lightning Location Network 9
The WWLLN provides real-time lightning locations globally by detecting, from 10 28 stations world wide, the VLF radiation emanating from lightning discharges. For a 11 lightning stroke to be accurately detected with error analysis, the VLF radiation from the 12 stroke is required to be detected at a minimum of 5 of these 28 receivers. Each receiver 13 locally processes a stroke's waveform and sends the time of group arrival to the central 14 processing station for location [Dowden et al., 2002] . In this manner, the WWLLN 15 provides continuous lightning detection coverage of the entire globe. 16
The location accuracy and efficiency of the WWLLN have been estimated for 17 certain regions by comparison to regional, ground-based lightning detection systems [Lay 18 et al., 2004; Rodger et al., 2005; Jacobson et al., 2006; Rodger et al., 2006] Network (NZLDN) of a flat detection efficiency for strokes with peak currents larger 5 than ~40 kA. 6
These previous comparisons to ground-based networks have provided essential 7 information regarding location and timing accuracy of the WWLLN. However, we 8 cannot study the efficiency of WWLLN on a global scale using ground-based networks 9 as a reference. Thus, the comparison of WWLLN-located lightning strokes to optically-10 detected waveforms measured by the FORTE-PDD instrument is the first global 11 comparison using the WWLLN data set and is intended to verify the relative detection 12 efficiency of WWLLN, in all regions, and over land versus over ocean. After the 13 verification of the relative detection efficiency, we can expand our analysis to the entire 14 WWLLN data set, as opposed to being limited by WWLLN events coincident with PDD-15 measured optical events. 16 for sferic-optical trigger time between -0.80 ms to 0.30 ms. We choose these limits so 8 that the number of random coincidences occupying the coincidence region is less than 9 2% of the total: The random coincidence rate of ~20 counts per bin can be seen on the far 10 edges of Figure 1 (absolute value of time differences > 3 ms). Using the random 11 coincidence rate of 20 counts per bin and the total number of coincidences in the region 12 between -0.80 ms to 0.30 ms, we find the number of random coincidences does not 13 exceed 2% of the total. 14 15
Results 16
In the time period of the comparison, the PDD instrument on FORTE measured 17 2,520,211 optical events, while WWLLN located 26,430 lightning strokes within the 18 PDD footprint. Of the total number of WWLLN and PDD events, 11,032 participate in a 19 coincident pair. In comparison to earlier WWLLN coincidence studies, this number of 20 pairs is 55 times larger than the comparison by Lay et al. [2004] and about 2 times larger 21 than the analysis by Rodger et al. [2006] . 22
To examine regional differences in the WWLLN detection efficiency, we separate 1 these events into the six global regions shown in Figure 2 . Table 1 (the total number of WWLLN events detected divided by the total number of PDD events 7 detected) and the fifth row shows the fraction of WWLLN events in each region that 8
were coincident with a PDD event. 9
One must note that the values shown in Table 1 do not represent absolute 10 detection efficiencies, since, in general, the PDD instrument detects mainly IC lightning 11 while the WWLLN detects mainly CG lightning. In a comparison of PDD to NLDN, 12 which estimates a detection efficiency of ~90% for high peak current strokes, Suszcynsky 13 et al. [1999] found that the PDD only detected 5.5% of NLDN-detected negative CG 14 lightning and 8.3% of positive CG lightning. However, even without an absolute 15 detection efficiency calibration, this analysis can provide an understanding of the relative 16 detection efficiency of the WWLLN on a global scale. 17
The region with the highest detection efficiency is Australasia (region 6), and the 18 lowest detection efficiency is in Europe (region 2), followed by Africa (region 5). The 19 fraction of WWLLN strokes that are coincident with PDD events (row 5 in Table 1 ) does 20 not correspond directly to the detection efficiency. The lowest fraction is once again in 21 region 2 (Europe), but the highest fraction is now in region 5 (Africa). This difference 22 may mean that the strokes that are detected by PDD in Africa are more likely to be the 23 type of stroke that also is detected by the WWLLN (high-peak current CG strokes). Since 1 the original submission of this paper, the year 2006 has ended, so we have been able to 2 analyze data from 2006 for these 6 regions. In 2006, WWLLN stations were added in 3 Honolulu, Hawaii; Rothera, Antarctica; Kingston, Australia; Cordoba, Argentina; 4 Ascension Island; and Lanzhou, China. These additions have increased the detection 5 efficiency, as compared to PDD, by 20% overall, and regionally by ~100% in Region 1, 6 ~50% in Region 4, and ~10% in Region 5. 7
To examine land/ocean differences in the WWLLN detection efficiency, we 8 separate these events into land and ocean subsets in two ways. In the absence of a 9 coincident WWLLN-located lightning stroke, PDD events can be located only to within 10 the 1200-km-diameter PDD footprint, meaning that an optical event detected with the 11 subsatellite point located within 600 km of the coastline could have occurred over either 12 the land or ocean. Therefore, the first classification (shown in Table 2 ) labels events as 13 "over land" (1 st column, Table 2 ) only if either the WWLLN location, or the FORTE 14 subsatellite point, is over land and more than 600 km from the coastline, and labels 15 events as "over ocean" (2 nd column, Table 2 ) only if either the WWLLN location, or the 16 FORTE subsatellite point, are over ocean and more than 600 km from the coastline. The 17 lightning "within 600 km of coast" (3 rd column, Table 2 ) is all the remainder and 18 corresponds to lightning that occurred over any surface within 600 km of coast. Most of 19 the lightning-prone areas of Australasia and central America are swept into the coastal 20 category in Table 2 . This classification scheme provides us a basis to compare land/ocean 21 differences for all PDD and WWLLN events, as opposed to only coincident events. 22
In addition to showing lightning counts in the three categories described above, 1 Table 2 also includes a "total" column to provide a quick reference to the total number of 2 PDD and WWLLN events that were detected within the PDD "spotlight" during the time 3 period of the study. We find the ratio of total number of WWLLN events to total number 4 of PDD events over land and ocean in the last row of Table 2 . WWLLN detects 0.7% of 5 the number of events PDD detects over land and 0.8% over ocean, indicating a difference 6 of less than 13% in WWLLN detection efficiency over land and over ocean. The ratio of 7 total coastal WWLLN to total coastal PDD events is slightly higher, at 1.2%. We believe 8 this increased ratio can be explained thus: the number of events within 600 km of the 9 coastline is dominated by lightning in Australasia, as most of the land in that region is not 10 more than 600 km from a coastline, and Australasia is the region of highest WWLLN 11 detection efficiency as seen in Table 1 . 12
Next, we focus on coincident events measured by PDD and WWLLN. For this 13 second grouping of data, we take advantage of the more accurate WWLLN location in 14 analyzing events by first assigning each PDD event coincident with a WWLLN event 15
with the location of that WWLLN event. Because WWLLN-measured strokes have a 16 location accuracy of 15-20 km, we next sort coincident events into land and ocean 17 subsets with only a ~50-km-semi-width "coastal" region. The land/ocean/coastal 18 separation map was created using high-resolution continental borders, including major 19 islands, on a 1440×900 pixel grid, covering -70 to 70 degrees latitude. The pixels 20 covering land areas were given a value of 1 and those covering ocean were given a value 21 of 0. A smoothing procedure over 4 pixels gives any land or ocean within 2 pixels of the 22 coastline a value in between 0 and 1, and it is these pixels that are classified as coastal. At 23 the equator, this gives a coastal area of ~55 km from the coast. Therefore, islands smaller 1 than ~110 km will not be included in the 'land' category. The continental border 2 thickness in Figure 2 indicates the width of the coastal region in this study. WWLLN 3 events located in the coastal region are not used in the land/ocean local time study 4 (section 4), but are included in Table 3 as coastal events. The 50-km-semi-width swath of 5 rejected data additionally allows us to reduce the occurrence of erroneously classifying an 6 oceanic lightning event as over land (or vice versa) due to the 15-20 km location 7 accuracy of WWLLN [Lay et al., 2004; Rodger et al., 2004; Jacobson et al., 2006] . 8 Table 3 shows the results of this stratification. The 1 st row shows the number of 9 coincident events, separated into "over land", "over ocean", and "coastal" events by 10 using the criteria described in the previous paragraph. In the second row of Table 3, all  11 WWLLN data are also separated into the three categories using the 50-km-semi-width 12 "coastal" region. The bottom row shows the total number of coincident events divided by 13 the total number of WWLLN events. These results show that 38.9% of WWLLN events 14 over land participate in a coincidence with a PDD event, while 44.4% of oceanic 15 WWLLN events participate in a coincidence. The small percentage difference in 16 land/ocean coincidence detection efficiency indicates that it is unlikely that the WWLLN 17 will completely miss a storm with lightning of similar magnitude over ocean relative to 18 over land. With these statistics, we can begin to use the WWLLN to study relative 19 differences in the effects of strong lightning over land versus over ocean. With confidence in the WWLLN/PDD-detected coincidences and in the relative 10 detection efficiency of WWLLN over land and ocean, we can use the entire, not just 11 PDD-coincident, WWLLN data set to look at land/ocean effects in high peak current 12 lightning occurrence. In the remainder of this paper, we will look at local time differences 13 in lightning over land and over ocean and demonstrate the suitability of WWLLN as a 14 tool to study these variations on shorter time scales than can be seen from satellite 15 averages. 16
Land/ocean events in local time 18
Using WWLLN data from 2005, we will show that the WWLLN local time 19 variations of flash density are consistent with previous satellite and regional ground-20 based studies, and can be used as a tool to further study the land/ocean diurnal cycle of 21 lightning in real-time or over a short time scale. Figure 4 indicates that WWLLN data, 22 taken over one year and the entire globe, shows a peak in lightning over land in the local 23 afternoon around 1800 local time, and shows that the diurnal cycle of oceanic lightning, 1 while having a much smaller amplitude than that of land lightning, peaks in the morning 2 around 0800 local time. Local time for each stroke is defined as local solar time at the 3 location of the lightning stroke. This global study shows that the annually averaged 4 WWLLN diurnal variation is consistent with previous studies using satellite optical 5 detectors: Williams et al. [2000] show lightning counts over land peak around 1600 local 6 time while lightning counts over ocean remain relatively constant throughout a local day. 7
Nesbitt and Zipser [2003] find precipitation features indicating high levels of convection 8
and possibly lightning peak in number around 1500 local time over land, while these 9 precipitation features over ocean have a smaller amplitude in their diurnal cycle and peak 10 in the local morning, around 0500-0700 local time. 11
In addition, WWLLN's real-time global coverage can separate the effects on the 12 diurnal variation of separate continental bodies, seasonal effects, and individual storms. 13
The capabilities of this continuous global lightning data will be useful in conjunction 14 with recent and future data recorded by satellites viewing TLEs and TGFs. Lightning 15 detection satellites view small regions on Earth at any given time, so it is unlikely that 16 they will be viewing the same region at the same time as the TLE and TGF-detecting 17
satellites. 18
To demonstrate the capability of the WWLLN to study diurnal lightning variation 19 of geographic regions, in Figure 5 we separate the data from Figure 4 into the same six 20 regions as used in Figure 2 . Figure 5 shows the contribution each region makes to the 21 position of the local time peak in lightning flash density. The flash density in each region 22 varies based on the strength of the region in producing lightning as well as the WWLLN 23 detection efficiency in that region. For example, the WWLLN has the highest detection 1 efficiency in Australasia (region 6), so the lightning flash density is high for that region. 2 Detection efficiency is lower in Africa (region 5), but Africa has the highest flash density 3 of all the regions [Christian et al., 2003] , so the WWLLN flash density is also high in 4 that region. The local afternoon peak in land lightning flash density is evident in all 5 regions, but shifted slightly based on region. To better represent the relative positions of 6 the peak, Figure 6 shows land lightning data for all six regions on the same plot, 7 normalized to the same peak amplitude. As the peaks are fairly broad, the center of a full-8 width-half-max (FWHM) estimate is marked at the top of Figure 6 , with region number 9 labeling each adjusted peak. Land lightning over Europe (region 2) peaks earliest, around 10 1500 local time, while land lightning over North America (region 1) peaks latest, around 11 1900 LT. The time of peak lightning flash density over North America is consistent with 12 findings from 5-year and 10-year averaged NLDN data that indicate that, in areas of the 13 U.S. with significant diurnal variation, peak lightning flash rates occur between 1600 and 14 2000 LT [Zajac and Rutledge, 2000; Orville and Huffines, 2001] . Both these studies 15 looked at geographic effects on a much finer scale and determined that orography and 16 local continental weather patterns have a large effect on the time of the peak lightning 17 flash rate. Variations in the local time of peak lightning flash rates for the regions 18 presented in this paper may also be due to differing continental weather patterns. 19 WWLLN data could also be used to study smaller-scale variations in any region of the 20 world, although we leave this study for future work. 21
Figures 4, 5 and 6 show that the WWLLN is consistent with previous studies over 22 long durations and can provide new information about geographic effects on high peak 23 current lightning. Moreover, the WWLLN has the advantage of real-time global coverage 1 that satellites cannot achieve, meaning that WWLLN can be used to look for local time 2 variations in the high peak current lightning flash density on shorter time scales. Figure 7  3 shows that the WWLLN can provide a meaningful picture of local time variation in 4 lightning count rates on a five-day time scale. Global lightning flash density, in 15-5 minute local time bins and separated into land and ocean events, is plotted for 1-5 6 January 2005 in Figure 7a and 1-5 July 2005 in Figure 7b . The global five-day interval 7 was chosen to illustrate the capability of the WWLLN in studying small time scale 8 variabilities, but essentially any interval of time in any region could be analyzed. 9
By plotting WWLLN flash density versus local time, we see regional differences 10 in the location of the peak lightning flash density in local time. Previous studies have 11 shown that WWLLN detects large peak current lightning strokes [Lay et al., 2004; 12 Rodger et al., 2005; Jacobson et al., 2006] . Barrington-Leigh and Inan [1999] reported 13 that all CG lightning strokes with peak currents larger than ~50 kA produce doughnut-14 shaped optical emissions called elves in the lower ionosphere through lightning-generated 15 electromagnetic pulse (EMP). Thus, this local time study of WWLLN strokes over land 16 and ocean effectively shows the regional local time variation of large lightning strokes 17 and therefore elves. The late temporal peak of lightning over land in North America 18
indicates that many large peak current strokes occur under the nighttime ionosphere, 19 where the lightning EMP has a long-lasting effect in the D-layer ionization [Rodger et al., 20 2001] . We can use lightning count rates in local time to estimate the fraction of elves-21 producing lightning that occurs under the nighttime ionosphere in each region. We will 22 define the time of the nighttime ionosphere from 1800-0600 LT. 
